ABSTRACT: In cold oceans, the importance of microbes in degrading particulate organic matter (POM) and constraining carbon export has been questioned, given that a greater proportion of primary production reaches the seafloor at high latitudes than low latitudes. To learn more about POMassociated microbial communities in cold waters, we worked aboard the icebreaker 'Kapitan Dranitsyn' during the Nansen and Amundsen Basins Observational System (NABOS) 2005 cruise to the Laptev Sea, a river-impacted region in the Siberian Arctic, to sample 3 size fractions of particles operationally defined as sinking aggregates (> 60 µm), smaller suspended particles (1 to 60 µm), and freeliving bacteria (0.22 to 1 µm). Sample temperatures and depths ranged from -1.6 to 1.5°C and 25 to 150 m, respectively. Analysis of associated microbial communities using 16S rRNA gene-based clone libraries and terminal restriction fragment length polymorphism (T-RFLP) indicated greatest diversity and richness in the smaller size fractions and significantly different communities in the aggregate fraction for both Bacteria and Archaea. The most abundant clones in the bacterial libraries were Gammaproteobacteria, followed by members of the Cytophaga-Flavobacterium-Bacteroides (CFB) group and Alphaproteobacteria; the archaeal libraries contained primarily Marine Group I Crenarchaeota. Canonical correspondence analysis indicated that bacterial communities, especially those associated with aggregates, were influenced by riverine input and temperature. Determinants of archaeal communities were less clear, but temperature appeared important. Distinctions in bacterial and archaeal community complexity observed among the different particle size classes suggest the importance of particle residence time in structuring associated microbial communities and defining their biogeochemical roles. 
INTRODUCTION
In the Arctic Ocean, a large proportion (up to 50%, Buesseler 1998) of sinking particulate organic matter (POM) escapes pelagic recycling to reach the seafloor, especially on Arctic shelves (e.g. Cochran et al. 1995) where the material can support a productive benthic community. Arctic shelves, which comprise 35% of the total area of the Arctic Ocean, are important sites of POM transformation and advection to the deep Arctic Basin (Carroll & Carroll 2003 , Bates et al. 2005 , Forest et al. 2007 ). They are also heavily influenced by riverine input: the Arctic Ocean contains only 1% of global ocean water yet receives nearly 10% of global river discharge. Climate warming brings the potential for altered cycling and export of POM on Arctic shelves through permanent reductions in ice cover, increases in riverine discharge , and incursions of warm Atlantic water, as in the Laptev Sea (Dmitrenko et al. 2008 ). Characterizing present carbon cycling and microbial participants on Arctic shelves in seasonally ice-free waters or polynyas is needed to help understand how the fate of organic matter may change as the Arctic continues to warm (Forest et al. 2007 ).
Elsewhere in the global ocean, bacteria play significant roles in the attenuation of POM fluxes (Cho & Azam 1988 , Karner & Herndl 1992 , Simon et al. 2002 . They are also known to develop distinctive communities on macroaggregates or marine snow, retrieved from surface waters and believed to be important to vertical carbon flux (DeLong et al. 1993 , Rath et al. 1998 , Simon et al. 2002 , and on smaller particles that remain suspended longer (Crump et al. 1999 , Fandino et al. 2001 , Selje & Simon 2003 , Johnson et al. 2006 . Few studies have addressed the influence of bacteria on particle fluxes in the Arctic (Huston & Deming 2002) or the diversity of microbial communities associated with POM sinking through the 'twilight' zone of any ocean.
Pelagic microbial diversity in the Arctic has been studied based on whole water samples collected from the central Arctic (Bano & Hollibaugh 2002) , Chukchi Sea (Hodges et al. 2005 , Kirchman et al. 2007 , and the riverimpacted Mackenzie Shelf of the eastern Beaufort Sea (Wells & Deming 2003 , Galand et al. 2006 , Garneau et al. 2006 , Wells et al. 2006 . Inshore-offshore gradients in the diversity of pelagic Bacteria have been observed by fluorescence in situ hybridization (FISH), with Betaproteobacteria dominating inshore, Alphaproteobacteria dominating offshore, and Cytophaga-FlavobacteriumBacteroides (CFB) and Gammaproteobacteria increasing in importance offshore (Garneau et al. 2006) . Archaeal communities have also been deduced to shift geographically, with Archaea of apparent terrestrial origin detected in nearshore turbid waters, and marine forms dominating offshore (Galand et al. 2006 , Garneau et al. 2006 . Neither archaeal nor bacterial diversity has been reported for deeper waters on this or any Arctic shelf, or for aggregates descending into them, but elevated percentages of Archaea have been observed by FISH in nepheloid layers (particle-rich waters) advecting offshore at depth (Wells & Deming 2003 , Wells et al. 2006 .
In the one Arctic study that has attempted to distinguish particle-associated from free-living microbial diversity, the comparison was between whole water and the < 3 µm sized fraction during the course of a bloom in the Chukchi Sea (Hodges et al. 2005) . The 2 communities diverged most from each other when the bloom index (POM, total organic carbon [TOC] , and chlorophyll a [chl a] concentrations) was high. This result and a corresponding drop in community richness are consistent with the concept that fresh marine organic matter exerts a selective force on associated microbial diversity (Simon et al. 2002) . On a riverimpacted shelf, where terrestrially derived aggregates of aged organic matter and associated microbes discharge into the ocean, mix with marine phytodetritus, sink to the seafloor, and resuspend in nepheloid layers, determining the forces at play on particle-associated microbial diversity becomes more challenging. In other oceans, particle-associated bacteria are usually defined operationally by a filtration step, using a single filter pore size of typically 1 or 3 µm, to separate them from free-living bacteria. Large aggregates (marine snow) have also been collected, for example in diver-held samplers (DeLong et al. 1993) , to compare aggregate-associated microbial communities with their free-living counterparts. We are not aware of oceanic studies where multiple size classes of particles have been collected for comparative analyses of microbial community structure, with each other and with the free-living community (see Dang & Lovell 2002 for such work in freshwater systems). Given the different residence times and histories of smaller suspended particles versus sinking aggregates in the ocean (Lee et al. 2004) , especially on river-impacted shelves (Crump et al. 1999) , the associated microbial communities can be expected to differ from each other as well as from their free-living counterparts.
In the present study, we took advantage of a rare opportunity for access to the Laptev Sea of the Siberian Arctic, an important component in the overall Arctic System for its hydrography and Atlantic connections (Dmitrenko et al. 2008) , riverine influence and sedimentology (Boetius & Damm 1998 , Wegner et al. 2005 , and contributions to ice-rafted materials Arctic-wide (Eicken et al. 1997) . We sampled 3 size classes of particles in surface and deeper waters: large sinking aggregates (AGG, > 60 µm), smaller suspended particles (SSP, 1 to 60 µm), and the free-living microbial community (FL, 0.22 to 1 µm). The distinction between AGG and SSP was based on previous reports that particles larger than about 50 µm dominate vertical mass flux (Amiel et al. 2002 and references therein, Lee et al. 2004) . To evaluate microbial diversity and richness, we generated bacterial and archaeal clone libraries and community fingerprints using terminal restriction fragment length polymorphism (T-RFLP) based on the 16S rRNA gene. Measured environmental variables included temperature, salinity, and particle content of the sampled waters (concentrations of total suspended matter, particulate organic carbon [POC] , particulate organic nitrogen [PON] , chl a, phaeopigments, and bacteria). Our goals were to determine and compare bacterial and archaeal community structures among the 3 particle size fractions sampled and how regional environmental factors, including riverine input on this Arctic shelf, might help to explain microbial patterns.
MATERIALS AND METHODS
Sample locations and collection. Samples were collected at 11 stations along 3 north-south transects (western, central, and eastern) and a fourth along-shelf transect in the Laptev Sea of the Siberian Arctic (Fig. 1 ) from the Russian icebreaker 'Kapitan Dranitsyn' during the Nansen and Amundsen Basins Observational System (NABOS) cruise of 3 to 27 September 2005. Seawater was collected in project-dedicated (no delay in sample recovery) 10 l Niskin bottles mounted on CTD rosette deployed at routine depths of 25 and 100 m. The latter depth varied according to station depth, which ranged from 90 to 3100 m (navigational restrictions precluded sampling further inshore). At 2 stations, only 25 m samples were collected, due to start-up procedures (Stn 1) or rosette failure (Stn 19). Large grazers were removed by 600 µm Nitex mesh as water was drained into 10 l sterile Cubitainers (Hedwin) and moved immediately to a cold room at 6°C (coldest temperature achievable). There, a full Cubitainer of seawater was size-fractionated for analyses of microbial community structure. Additional volumes of water were collected to measure concentrations of total suspended particulate matter (SPM), chl a and phaeopigments, POC and PON, and bacterial abundance. CTD data (temperature and salinity) were provided by I. Dmitrenko (GEOMAR, Kiel, Germany) and inorganic nutrient data (nitrate, phosphate, and silicate) by M. Nitishinsky (Arctic and Antarctic Research Institute, St. Petersburg, Russia).
Analysis of environmental factors. SPM: Duplicate 1 l water samples were vacuum-filtered through precombusted (5 h at 500°C), pre-weighed 1.2 µm GF/C filters (Whatman). Each filter was then rinsed with 10 ml of 1% sodium formate to dissolve salts, transferred to a sterile Petri dish, stored at -20°C, and kept frozen during transport to Seattle. Filters were dried at 60°C for 24 h and weighed again. SPM was calculated as the difference between final and initial weight.
POC and PON: Duplicate 350 to 400 ml water samples were vacuum-filtered through pre-combusted 25 mm GF/F filters (Whatman). Each filter was folded in half (sample side inwards), placed in a pre-combusted foil pouch and stored and transported frozen, as for SPM. Samples were later thawed, dried at 60°C, fumed with HCl vapor to remove the carbonate fraction, and dried again (overnight for each step). POC and PON were quantified using a Leeman Labs Model CEC440 Elemental Analyzer.
Chl a and phaeopigments: Duplicate 350 to 400 ml water samples were filtered through pre-combusted GF/F filters. Each filter was placed into a pre-combusted foil pouch and stored and transported frozen, as for SPM. Chl a and phaeopigment concentrations were measured using standard colorimetric analyses, according to Parsons et al. (1984) .
Total bacterial abundance: Water volumes of 40 ml were placed in sterile, screw-cap 50 cm 3 tubes and fixed with pre-filtered (0.22 µm) 37% formaldehyde to final concentration of 2%. Samples were kept refrigerated until analyzed microscopically, using a Zeiss Universal epifluorescent microscope, within 2 mo of collection. Subsamples of 5 to 10 ml were gently filtered onto a 0.22 µm polycarbonate filter and stained with acridine orange and DAPI, according to the dual-staining technique of Schmidt et al. (1998) optimized for seawater (Collins et al. 2008) . Twenty fields or a minimum of 200 cells were counted to calculate bacterial abundance; the average of duplicate subsamples is reported. Analysis of microbial community structure. Sample processing: For DNA analyses, 7 to 10 l of water were gently filtered through an in-line filtration system consisting of a 60 µm nylon net filter (Millipore; to collect AGG), 1 µm polycarbonate filter (GE Osmonics; to collect SSP), and a 0.22 µm Sterivex TM GV filter (Millipore; to collect FL microbes). The 60 µm and 1 µm filters were placed into autoclaved 1.5 ml microcentrifuge tubes which then received 500 µl of extraction buffer (0.75 M sucrose, 40 mM EDTA, 50 mM Tris-HCl, pH 8.3) via 0.2 µm syringe filter. About 1 ml of buffer was pushed through the Sterivex TM filter before adding another 1.8 ml to the filter unit and capping it. All filters were frozen at -20°C, transported frozen to Seattle, then transferred to -80°C.
DNA extraction: The nucleic acid extraction protocol followed Massana et al. (1997) with some modifications. Extractions of FL (on Sterivex TM filters) and SSP and AGG (on filters in microcentrifuge tubes) samples began with addition of lysozyme (1 mg ml -1 ) and incubation at 37°C for 30 min. Proteinase K (0.5 mg ml -1 ) and sodium dodecyl sulfate (SDS) (1%) were added, and filters were incubated at 55°C for 1 to 2 h. Lysate was recovered from the filters, with lysate from Sterivex TM samples divided into four 500 µl aliquots. Lysates were extracted twice with phenol-chloroformisoamyl alcohol (25:24:1; pH 8) and once with chloroform-isoamyl alcohol (24:1). RNA was degraded by adding RNase (2 µg ml -1
) and incubating at 37°C for 30 min. DNA was precipitated using standard ethanol precipitation (Van Mooy et al. 2004a) . After samples were dry, extracted DNA was suspended in 100 µl TE (10 mM Tris-Cl, pH 7.5 1 mM EDTA), vortexed, and stored at -20°C. Samples initially subdivided were recombined after the initial ethanol precipitation, reprecipitated and resuspended in 100 µl TE.
PCR amplification of 16S rRNA gene: Archaeal and bacterial 16S rRNA genes were amplified in a reaction mixture containing 1 × MgCl 2 -free Taq DNA Polymerase buffer (Promega), 2.0 mM MgCl 2 , 200 µM each deoxyribonucleotide triphosphate, 0.01 µM forward primer (Table 1) , 0.01 µM reverse primer (Table 1) , 0.2 U Taq DNA Polymerase (Promega), 2 µl template DNA, and distilled and deionized water (dH 2 O) to a final volume of 20 µl. For T-RFLP analyses, the 16S rRNA gene was amplified using fluorescently (FAM) labeled primers (Table 1) . Samples were diluted 10-to 100-fold with T-low-E (1 M Tris-HCl, 0.5 M EDTA, pH: 8.0) prior to amplification to reduce inhibitors. The general program for amplification was 1 cycle of a 4 min denaturing step at 94°C; 30 cycles of 1 min denaturing at 94°C, 1 min annealing at temperature appropriate for primer pairs used (Table 1) , and 2 min of extension at 72°C; and a final extension for 10 min at 72°C followed by at least 10 min at 4°C. The products of 3 to 6 reactions were pooled to obtain sufficient concentrations of DNA, cleaned using a Qiaquick PCR purification kit, and resuspended in 30 µl of Buffer EB supplied with the Qiaquick kit.
Clone library construction: Three bacterial clone libraries were generated from surface waters of Stn 8, 1 from each of the 3 size fractions, using the 16S rRNA gene amplified with the 27f/1492r primer pair (Table 1) . Two archaeal clone libraries were generated from the surface waters of Stn 26, 1 each from the FL and SSP size fractions, using the 16S rRNA gene amplified with the 21f/958r primer pair (Table 1) . We tried to develop archaeal clone libraries from Stn 8 and the AGG sample at Stn 26, but the extracted DNA did not amplify (as it did with T-RFLP primers). PCR products were topoisomerized into pCR4-TOPO vectors (Invitrogen) and used to transform One Shot TOP10 chemically competent Escherichia coli cells (Invitrogen). All cloning followed the manufacturer's instructions.
Sequencing: Most samples were sequenced at the High-Throughput Genomics Unit (HTGU) at the University of Washington (UW), using an ABI 3730xl (Applied Biosystems) capillary sequencer. Table 1 . Names and sequences of PCR primers used. E. coli: Escherichia coli; temp.: temperature; T-RFLP: terminal restriction fragment length polymorphism; sequencing: primers were used in the initial amplification of the 16S rRNA gene, prior to cloning; vector: the primers target the vector (TOPO4-TA) for cloning and 105 clones were chosen randomly from each clone library and screened for the presence of an insert. Fewer clones were screened for archaeal sequencing due to observed low apparent natural diversity; more clones were sequenced for bacterial libraries due to presence of chloroplast sequences. Transformed clones were sequenced with multiple primers (Table 1) to obtain bi-directional, double-stranded sequences. Some sequencing was done at the UW Marine Molecular Biotechnology Lab (MMBL) where clone libraries were subjected to dye-termination sequencing using 4 µl MegaBACE Premix (Amersham Biosciences), 0.1 µM primer (Table 1) , 2 µl plasmid DNA, and dH 2 O to 10 µl, and the following thermocycling conditions: 40 cycles of 94°C for 15 s, 50°C for 20 s, and 60°C for 2 min. Sequencing reactions were precipitated with 27.5 µl absolute ethanol and 1 µl 7.5 M ammonium acetate, centrifuged for 30 min at 3100 × g, decanted, washed with 200 µl 70% ethanol, centrifuged for 15 min at 3100 × g, and air-dried. Samples were resuspended in 5 µl of formamide loading solution and sequencing reactions were run on a MegaBACE1000 capillary electrophoresis sequencer. As at HTGU, clones at MMBL were also sequenced bi-directionally.
Phylogenetic analyses: Forward and reverse sequences were assembled and edited using the program Sequencer 4.6 (Gene Codes). Sequences were checked for chimeras using the Bellepheron tool supplied as part of the Greengenes database (http:// greengenes.lbl.gov; DeSantis et al. 2006 ) and crosschecked using the Mallard program (www.bioinformatics-toolkit.org/Mallard/index.html; Ashelford et al. 2006) . No chimeric sequences were detected in the archaeal clone libraries or the AGG bacterial clone library; those detected in the SSP bacterial library (3) and FL bacterial library (8) were removed. Reference sequences closely related to obtained sequences were acquired using BLAST (http://blast.ncbi.nlm.nih.gov/ Blast.cgi). Edited sequences were aligned automatically using ClustalX (http://bips.u-strasbg.fr/fr/Documentation/ClustalX/) and checked and trimmed for phylogenetic analyses to lengths of ~1060 bp for bacterial sequences (except for 2 sequences of 790 bp length) and of ~760 bp for archaeal sequences using Bioedit (Ibis Therapeutics). DNADIST from PHYLIP (v. 3.66; http://evolution.genetics.washington.edu/phylip. html) was used to calculate genetic distances by the Kimura-2 model, with 100 data sets obtained by bootstrapping using SEQBOOT. Phylogenetic trees were estimated using FITCH in PHYLIP. Bootstrap values obtained from a consensus bootstrap tree, also created using FITCH and CONSENSE, were hand-mapped onto a distance tree. One tree was created for the 3 bacterial clone libraries and 1 for the 2 archaeal libraries.
The number of phylotypes in each library and the diversity indices (Chao1 for library richness, and Shannon-Wiener index for library diversity) were estimated using the program DOTUR (Schloss & Handelsman 2005) . Phylotypes were defined as sequences of ≥ 97% similarity (for SSP and FL bacterial clone libraries) or ≥ 99% similarity when DOTUR did not provide the 97% option (remaining libraries) due to low diversity or low number of sequences. Library percent coverage was estimated using the method of Good: (1 -[n/N]) × 100, where n represents the number of unique clones and N, the sample size (Galand et al. 2003) .
Nucleotide sequence accession numbers: The 16S rRNA gene sequences were submitted to the GenBank database (www.ncbi.nlm.nih.gov/Genbank/) and given the accession numbers EU544675 through EU544862.
T-RFLP: For each sample amplified with fluorescently labeled (FAM) primer (Table 1) , cleaned PCR product was used to generate a microbial fingerprint and estimate richness, according to the T-RFLP technique of Moeseneder et al. (1999) as modified by Van Mooy et al. (2004b) . A 2 to 4 µl volume of cleaned, labeled PCR product (~50 ng DNA across the study) was added to a cocktail of 1 µl of buffer provided with the restriction enzyme (RE), 2 units of the desired RE, and dH 2 O to bring the reaction volume to 10 µl. We used four 4-cutter REs (Fermentas): BsuRI (5'-G G^CC-3'), HhaI (5'-GCG^C-3'), RsaI (5'-GT^AC-3'), or MspI (5'-C^CGG-3'). Bacterial DNA was digested with BsuRI, HhaI, or RsaI; and archaeal DNA with BsuRI, HhaI, or MspI. Digestions were run for 6 h at 37°C and terminated using heat shock (at manufacturer-recommended temperatures) for 20 min. Restriction digests were purified by ethanol precipitation and stored dried at -20°C until analyzed. Samples were resuspended in a cocktail of dH 2 0, Tween-20, and MegaBACE ET900-R size standard (GE Biosciences) prior to identifying terminal restriction fragments on a 96-well MegaBACE Sequencer in genotyping mode at MMBL.
Results in the form of T-RFLP electropherograms were analyzed using the data acquisition program DAx (Van Mierlo Software Consultancy). Samples were scored for presence or absence of significant peaks at each bp length between 60 and 900 base pair (bp). Peak-calling criteria were adjusted for each RE due to differences in noise and peak clarity (Table 2) . Fragment lengths were binned into 3 bp increments. Binned results were translated into binary format using the program Daxter (written by R. E. Collins: http://rocaplab.ocean.washington. edu/cgi/dakster/index.html) to represent the presence and absence of each of the 280 possible peaks. For comparative analysis, the lengths of terminal fragments from all clone library sequences were estimated after in silico digestion with the 3 T-RFLP enzymes, using the program Restriction Enzyme Picker (Collins & Rocap 2007 T-RFLP electropherograms were analyzed using Primer 6 software (Primer-E). Similarity matrices created from presence/absence data were calculated between every pair of samples using the similarity coefficients of the Jaccard index. These matrices were used for non-metric multidimensional scaling (NMDS) plots and cluster analyses, which aid in visualizing the similarity between microbial communities by proximity in 2D space. An analysis of similarity (ANOSIM) was also used to test for the influence of particle size fraction on variation in community similarity data. ANOSIM combines permutation tests with basic Monte Carlo randomizations to examine predefined groups of samples for differences in community structure.
To combine the primary data sets and assess whether 1 or more environmental factors might explain some of the observed variability in community structure, we used the Multivariate Statistics Package (MVSP; Kovach Computing Services) for canonical correspondence analysis (CCA). In this gradient analysis, ordination of the T-RFLP data by particle size fraction and sample location was constrained by the measured environmental variables.
RESULTS

Field conditions
During the time of sampling, sea ice conditions in the Laptev Sea reflected the continuing downward trend in the areal extent of Arctic sea ice (http://nsidc.org/). The ice edge had retreated to the north and was not encountered for most of the expedition (Fig. 1) . Mean air temperature was 0°C, except during 13 to 17 September, when it averaged -2°C. Skies were overcast for most of the sampling period.
In general, the CTD data indicated that the upper water column in the western regions of the study area was cold (average temperature -1.56 ± 0.13°C at 25 m) and salty (average salinity 33.4 ± 0.5 at 25 m; see Table A1 , Appendix 1 for station-specific data). The eastern region was warmer (average temperature -0.75 ± 0.69°C at 25 m) and fresher (average salinity 30.6 ± 1.75), with the fresher surface layer extending deeper in the water column eastward, indicating the influence of Lena River outflow. The range in temperatures for the surface waters was narrow (-1.6 to -1.1°C). Only at western stations for our deepest samples (150 m), near the even deeper layer of warm Atlantic Water spreading along the Siberian continental margin (Dmitrenko et al. 2008) , were above-zero water temperatures (1.3 and 1.5°C) encountered. Surface-water salinities indicated station groupings according to saltier waters (salinities of 32.0 to 34.1) in the western and alongshore central regions (Stns 1 to 11, 37, and 40) and fresher waters (salinities 28.6 to 30.8) in the eastern and offshore central regions (Stns 16 to 30). Deeper samples were salty throughout the region (salinities 33.7 to 34.8).
The range in SPM across all samples was also narrow (5.9 to 7.7 mg l -1 ) with no relation to depth (1-way ANOVA). Chl a and phaeopigment concentrations were comparable in amount, low region-wide (0.01 to 0.68 and 0.01 to 0.53 µg l -1 , respectively) and also unrelated to depth. POC, however, was significantly (p = 0.0099) higher in surface waters (25.3 to 95.5 µg l Table  A1 , Appendix 1 for station-specific data).
Pearson correlation coefficients and partial correlation analysis confirmed that depth was a highly significant (p < 0.001) determinant of temperature, salinity, POC, PON, and bacterial abundance (as well as nitrate and phosphate). These analyses also supported the use of silicate as a riverine proxy, given the significant negative correlation of silicate with salinity (r = -0.560, p < 0.05), which strengthened when depth was controlled (r = -0.749). Our PCA analysis (Fig. A1 , Appendix 2) revealed that surface samples from the more marine stations were associated with particulate variables, while fresher waters were associated with silicate. Microbial community structure
Bacteria
The bacterial clone libraries created from FL, SSP, and AGG size fractions contained 42, 45, and 17 sequenced clones, respectively (Fig. 2) . Additional clones were sequenced for the SSP and AGG libraries, but they proved to be eukaryotic chloroplast sequences (39% of SSP clones, 35% of AGG clones; none were detected in the FL library). Each of the bacterial libraries was dominated by Gammaproteobacteria, increasing in percentage as particle size fraction increased, from 71% (FL) to 78% (SSP) and 89% (AGG). Most of the FL clones clustered in 1 group, while many of the SSP and AGG clones clustered in another. Each library also contained representative clones from CFB at 14% (FL), 21% (SSP), and 6% (AGG). Only the FL and SSP libraries contained Aphaproteobacteria; only the AGG library contained Gammaproteobacteria (a single clone).
Coverage of the natural bacterial assemblages by these libraries was higher in the larger size fractions (71% for AGG and SSP versus 60% for FL), while the number of unique clones or phylotypes was higher for the smaller size fractions (17 and 13 in FL and SPP libraries versus 5 in the AGG library; Table 3 ). According to the Shannon-Wiener index of diversity and Chao1 estimate of richness, both diversity and richness were lowest in the AGG library and highest in the FL library (Table 3) in spite of the more limited coverage of the FL Bacteria.
Many of the samples collected for T-RFLP analysis proved difficult to amplify with bacterial primers, possibly due to the primer set chosen or the presence of humic substances. For the 19 samples amplified, bacterial richness, as estimated by the number of significant operational taxonomic units (OTUs) in the BsuRI digests, was generally higher in both the FL and SSP size fractions than in the AGG samples. Although this comparative result held true for all enzymes used for T-RFLP, the BsuRI digest results were used in NMDS and CCA analyses because they yielded electropherograms with slightly less noise. Of the observed T-RFLP OTUs (across all enzymes used), about one-third were identifiable using peaks predicted from the bacterial clone libraries (observed were within ± 2 bp of predicted), likely due to libraries undersampling natural diversity. On the other hand, not all of the diversity present in the clone libraries was detected by T-RFLP; in silico digests of some of the sequenced clones from the libraries resulted in terminal fragments outside the detection limit of the electropherograms (< 60 bp or > 900 bp). Sequences identifiable as chloroplasts in T-RFLP electropherograms were few in number (0 to 2, with most samples containing 0 to 1) and frequently outside of the peak-calling range.
When NMDS was applied to the observed T-RFLP OTUs, AGG Bacteria emerged as communities distinctive from SSP or FL communities (Fig. 3) . SSP and FL communities could not be distinguished from each other at the 20% similarity level, though a group separation appears within that cluster (Fig. 3) . The dendrogram resulting from cluster analysis (not shown) indicated that these communities from the smaller size fractions were at least 50% similar.
The results of an ANOSIM test allowed rejection of the null hypothesis that bacterial communities in each size fraction are the same. ANOSIM gives an R statistic (which ranges between 0 and 1) in addition to a pvalue, where the higher R is, the greater the difference in community structure. For bacterial T-RFLP results, significant (p < 0.01) differences were observed between AGG communities and the 2 smaller size fractions for all 3 restriction enzymes used (Table 4 ). The R statistic for FL versus AGG was always higher (0.756 to 0.929) than for SSP versus AGG (0.506 to 0.630). Comparative tests between FL and SSP communities indicated no significant difference by BsuRI and significant (p < 0.05) differences by HhaI and RsaI, but low R statistics (0.187 to 0.346) for all 3 enzymes (Table 4) . Comparing the observed richness between size fractions by ANOVA gave similar results to the ANOSIM tests: no significant difference (p > 0.05) between FL and SSP samples, but significant differences (p < 0.05) between pairwise comparisons of AGG with both FL and SSP (Table 4) .
Archaea
The clone libraries created for FL and SSP consisted of 38 and 46 clones, respectively (Table 3) . Each library revealed low archaeal diversity, dominated by Marine Group (MG) I Crenarchaeota (97% and 98%, respectively), all of which were > 97% similar in 16S rRNA gene sequence (Fig. 4) . Each library also contained 1 clone representing a MG II Euryarchaeote. The estimated coverage was 95% for the FL library and 96% for the SSP library (Table 3) . At the 1% sequence distance level, both libraries contained only 2 unique clones (Table 3) . According to the Shannon-Wiener index of diversity, the FL library was only slightly more diverse than the SSP library; both were much less diverse than their bacterial counterparts. The Chao1 richness estimate for both libraries was only 2 (Table 3) .
Archaeal 16S rRNA genes were more amenable to amplification for T-RFLP analyses than bacterial 16S rRNA genes, resulting in 44 amplified samples, including more AGG samples. Although the cloning results suggested that we had sampled natural archaeal diversity well by that method, the T-RFLP results revealed greater richness (22 OTUs in some samples digested with BsuRI). Richness was lower than observed for Bacteria (mean of 13 versus 28 OTUs per sample), but trends among the different size fractions were similar: observed archaeal rich-8 Fig. 2 . Phylogenetic tree of all sequenced clones from bacterial 16S rRNA gene-based clone libraries of the free-living (FL), small suspended particle (SSP), and aggregate (AGG) size fractions of surface water at Stn 8. Clones are denoted NABOS_FLbactX, NABOS_SSPbactX, or NABOS_AGGbactX where X is the clone number. Numbers in parentheses indicate number of clones from each size fraction (FL:SSP:AGG) that are > 97% similar to the given clone. This distance tree was created using the FITCH tool included in PHYLIP v. 3.66. The reference bar represents 0.1 substitutions per nucleotide site. Bootstrap values were mapped onto this tree from a consensus bootstrap FITCH tree created from 100 replicates. Aquifex pyrophilus was used as an outgroup. gamma: Gammaproteobacteria; alpha: Alphaproteobacteria; delta: Deltaproteobacteria; beta: Betaproteobacteria; CFB:
Cytophaga-Flavobacterium-Bacteroides group ness was generally greater in the smaller size fractions than in the AGG samples. As for the Bacteria, results from the BsuRI digests were used for archaeal NMDS and CCA analyses.
Of the observed archaeal T-RFLP OTUs, 26% were identifiable on average using the peaks predicted from in silico digests of Archaea in the clone libraries. The same criteria for an identifiable OTU (± 2 bp) were used for both Archaea and Bacteria, but the ability to identify archaeal peaks in a given electropherogram varied more, in keeping with the discrepancy in richness observed between archaeal clone libraries and T-RFLPs (likely attributable to use of different primer pairs). For example, some samples contained 100% of the OTUs predicted by HhaI digests, while others contained none of them. Nevertheless, most T-RFLP samples contained the cloned OTU representative of the MG I Crenarchaeote, which dominated both archaeal libraries, as well as the MG II Euryarchaeote OTU.
NMDS analysis of archaeal T-RFLP OTUs indicated a distinction between communities by size fraction, as did cluster analysis (results not shown), with AGG samples grouping separately from FL and SSP communities (Fig. 5) . The separation was not as exclusive as for Bacteria: more overlap occurred between samples of different size fractions in 2D space. Although FL and SSP archaeal communities, like their bacterial counterparts, could not be distinguished from each other at the 20% similarity level by NMDS, observed FL archaeal richness differed significantly from both SSP and AGG Table 4 . Comparison of richness (ANOVA) and diversity (analysis of similarities, ANOSIM) of Bacteria and Archaea (by terminal restriction fragment length polymorphism, T-RFLP) between different size fractions of the samples collected, successfully amplified, and digested by different restriction enzymes. Single-factor ANOVA results (α = 0.05): ns denotes no significant difference in observed richness between size fractions and + denotes a significant difference. ANOSIM results: if R = 0, the community structures are identical while if R = 1, they have no similarity; p < 0.05 indicates that R is significant while p < 0.01 indicates that R is highly significant. AGG: aggregate; FL: free living; SSP: small suspended particles Table 4 ). All pairwise comparisons by ANOSIM were significant, but FL and SSP comparisons (with lowest R statistics) indicated that these communities differed the least from each other. As for Bacteria, community comparisons between FL and AGG Archaea were highly sig- nificant with the highest R statistics, the latter indicating that of the 3 pairwise comparisons, these communities differed the most from each other. Examining relationships between archaeal AGG diversity in surface and deeper water samples revealed that no surface sample plotted coincidentally in space with its deeper paired sample (Fig. 5) .
Environmental control of microbial community structure
In the CCA comparing bacterial community structure and environmental factors (Fig. 6) , most of the variation in community structure was explained by the first 3 axes (26, 16.9, and 14.6%) for which species- For Axes 1 and 3, the strongest correlate was concentration of dissolved silicate (riverine input), followed by temperature for Axis 1. For Axis 2, temperature was strongest, followed by salinity. Measures of particulate matter (chl a, POC, and SPM) also helped define Axis 3. FL and SSP bacterial communities tended to group near the origins of the CCA biplots (Fig. 6) , reflecting no particular influence by the environmental factors considered, while AGG communities tended to spread along Axis 1 (Fig. 6 ) in the region of the biplot associated with less than average salinity. In the CCA comparing archaeal community structure and environmental factors (Fig. 7) , most of the variation in the T-RFLP data was again explained by the first 3 axes (22.9, 18.4, and 16.3%) for which spe- cies-environment correlations were also high (0.765 to 0.851). The strongest correlate for Axis 1 was temperature, followed by phaeopigment concentration. General particle loading (POC, PON, and SPM) defined Axis 2, while pigment concentrations, followed by silicate concentration and salinity, defined Axis 3. In contrast to the bacterial CCA, FL and SSP archaeal samples were more dispersed than their AGG counterparts on the biplots (but note reduced axis scales, Fig. 7) , with no unifying factor of influence. AGG archaeal samples did not group away from the smaller size fractions, but most deep archaeal samples tended to spread along Axis 1 (Fig. 7) , defined most strongly by temperature and phaeopigment concentration.
DISCUSSION
The shelf region of the Laptev Sea operates as a large estuary or mixing zone for particles delivered by the Lena River (Saliot et al. 1996) which resuspend repeatedly on the shelf (Wegner et al. 2005) . At the time of our off-shelf sampling, the process of sea-ice rafting (Eicken et al. 1997 ) may have played a role in particle delivery to a few of the offshore stations (Fig. 1) . Coupled with inshore data (Saliot et al. 1996) , our characterizations of Laptev Sea waters indicate a river-to-sea gradient in particulate matter, from highest concentrations of SPM and POC in the Lena River (2 to 30 mg l -1 and 140 to 950 µg l -1
, respectively) to lower levels offshore (6 to 8 mg SPM l -1 and 10 to 96 µg POC l -1 ). A riverine source of particulate matter, even in September (after the river's spring freshet), is consistent with the fresher salinities detected at our eastern and alongshore central stations in the direction of Lena River outflow (Mueller-Lupp et al. 2000 , Wegner et al. 2005 . It is also consistent with the observed inverse relationship between salinity and dissolved silicate concentration, a proxy for riverine input (the average silicate concentration in the Lena River, 60 µM, is ~10 times that in the Laptev Sea; Kattner et al. 1999 ) and with isotopic analyses of POM, indicating that ~50% of the material offshore was terrestrial in origin (J. K. Cochran pers. comm.) .
During this expedition, the Laptev Sea was postbloom and widely oligotrophic, as indicated by the low chl a and macronutrient concentrations, generally equivalent amounts of chl a and phaeopigments, and small fraction of POM represented by pigments (Table 3) . Bacterial abundances (range of 1.33 × 10 5 to 8.19 × 10 5 cells ml -1
) were lower than in the Lena River (6 × 10 5 to 85 × 10 5 cells ml -1
, Saliot et al. 1996) , but overlapped with those reported for nearshore Laptev Sea waters (1.8 × 10 5 to 20 × 10 5 cells ml -1
, Saliot et al. 1996) and sites in the Western Arctic, including the Chukchi Sea (0.8 × 10 5 to 8.7 × 10 5 cells ml -1 , Hodges et al. 2005 ) and the river-impacted Mackenzie Shelf (1.9 × 10 5 to 18.1 × 10 5 cells ml -1
, Garneau et al. 2006) . The decrease in bacterial abundance we observed with depth in the water column was consistent with our stations being offshore and thus beyond the intensive shelf-sediment resuspension zone.
An ideal study of particle-associated bacteria in the Laptev Sea might be undertaken during the spring freshet or bloom season or in an area of intensive sediment resuspension, when levels of particulate matter and bacterial abundance would be higher than those we encountered at the end of the productive season. In spite of the more limited range of conditions we had the opportunity to sample, strong distinctions were observed between microbial communities associated with large aggregates and those communities present in the smaller size fractions. Differently structured and less rich communities on aggregates imply selective environmental forces at work and biogeochemical roles for these microbial communities that may differ from their less-bound counterparts.
Attempts to identify influential environmental forces from our data sets were successful in that the composition of aggregate-associated Bacteria was partially explained by proxies for riverine input (higher dissolved silicate concentrations and fresher salinities; Fig. 6 ). This result suggests that the riverine influence on pelagic bacterial diversity detected in whole water samples on the Mackenzie Shelf (Garneau et al. 2006) may be attributable to the presence of river-derived aggregates. Our results were less clear for AGG Archaea (even with twice as many amplified samples), but many of these communities appeared linked to marine conditions of higher salinities and warmer temperatures. In the Laptev Sea, warmer marine waters lie at > 200 m depths due to incursion of Atlantic water (Dmitrenko et al. 2008) .
When all samples (all particle size fractions) were considered collectively by CCA, the one environmental factor observed to influence both bacterial and archaeal community structure was temperature. The cold temperatures of Arctic waters are already understood to constrain microbial activity (Pomeroy & Wiebe 2001) , but our result is notable because the evaluated microbial feature was community richness, not activity. Changes in richness, however, can imply microbial succession or dynamics (growth/mortality). In the case of AGG samples, microbial community changes may have occurred during sinking (temperature and depth were highly correlated). Although observed differences in archaeal community structure between surface and deeper water pairs of AGG samples are consistent with this possibility, advection is an equally plausible explanation. Distinctions among microbial communities involving non-sinking size fractions (SSP and FL) are more likely influenced by temperature than advection.
Our 5 clone libraries, though small in size and generated primarily to assist T-RFLP analyses, are among the first clone libraries available for particle-associated microbes in the Arctic (see Galand et al. 2006 for mention of a particle-associated archaeal clone library from the Mackenzie Shelf). The bacterial libraries fit expectation with regards to composition and diversity. All of them were dominated by members of the Gammaproteobacteria, many of which are often found associated with surfaces in the ocean, including sea ice (e.g. species of Colwellia and Marinobacter, Brinkmeyer et al. 2003) . The next most prevalent group, the CytophagaFlavobacteria, are found enriched in detritus and marine or lake snow (DeLong et al. 1993 , Crump et al. 1999 , Kirchman 2002 , Lemarchand et al. 2006 where they are considered to be particularly important for their production of extracellular enzymes and degradative capabilities (Kirchman 2002) . Even Alphaproteobacteria, particularly of the Roseobacter clade (as detected here), are important colonizers of marine snow (Wagner-Döbler & Biebl 2006) .
Further evaluation of bacterial community distinctions using T-RFLP clearly showed that AGG communities differed in both structure and richness from SSP and FL Bacteria. Although studies of temperate marine waters have revealed 2-way distinctions between FL communities and those associated either with particles captured on a 3 µm filter (Crump et al. 1999) or with very large (> 400 um) aggregates (DeLong et al. 1993 , Rath et al. 1998 , our 3-tiered approach to size fractionation allowed recognition of the greater similarity between FL and SSP bacterial communities than between FL and AGG communities. This result implies greater exchange between communities experiencing long residence times in the water column (SSP and FL) relative to aggregates destined to sink to the seafloor (Lee et al. 2004 ) and possibly resuspend and advect offshore in nepheloid layers (Wells & Deming 2003 , Forest et al. 2007 .
Regarding Archaea, the overwhelming dominance of MG I Crenarchaeota and thus the limited diversity detected in both of our archaeal libraries (FL and SSP, possibly due to choice of primer sets) was nevertheless consistent with the previously observed trend for MG I Crenarchaeota to increase in abundance offshore and with depth in other waters (Massana et al. 2000 , Kirchman et al. 2007 ). The contents of our archaeal libraries were also consistent with our sampling region falling between river outflow and the central Arctic Ocean: our 2 MG II clones were most closely related to MG II-b clones found inshore on the Mackenzie Shelf (DQ146753, DQ146760, and EF014591; Galand et al. 2006 ) while all of our MG I clones were closely related to the 1-α cluster described from the central Arctic (Bano et al. 2004 ).
Both our cloning and T-RFLP approaches to evaluating archaeal communities, the latter revealing greater richness than the former, provided new insight on particle association for this domain. The literature debate on a riverine versus marine source was not resolved (Wells & Deming 2003 , Galand et al. 2006 , Wells et al. 2006 , but the aggregate environment emerged as selective for distinctive archaeal community structures of limited richness, relative to FL counterparts. The same arguments for the importance of particle residence time in structuring bacterial communities also pertain to Archaea, with longer residence times in the water column (for SSP and FL communities) translating to greater archaeal richness. That more specific archaeal communities associate with sinking (or advecting) aggregates merits further study, both in terms of biogeochemical roles in attenuating carbon fluxes via possible heterotrophy in Arctic waters (Kirchman et al. 2007 ) and possible benefits from chemical gradients created within the aggregates themselves (Alldredge & Cohen 1987 , Simon et al. 2002 . The absence of overlap in 2D space for pairs of surface-water and deep aggregateassociated archaeal communities (Fig. 5) and the tendency of deep archaeal communities to spread along the CCA axis defined by temperature and phaeopigment concentration (Axis 1, Fig. 7 ) point to testable hypotheses on microbial selection during aggregate sinking.
In summary, the results of our 3-tiered size-fractionation approach demonstrated both by clone libraries and T-RFLP analyses that strong differences in bacterial and archaeal communities exist between large aggregates (> 60 um) and smaller suspended particles in the cold waters of the Laptev Sea. More exchange is evident between free-living communities and those associated with smaller particles than between either of these suspended communities and those associated with large sinking aggregates. Although some of the variation in bacterial community structure could be attributed to riverine influence, other environmental factors measured on different scales than we attempted are needed to better define the drivers of particle-associated community structure for both Bacteria and Archaea in this region. The occurrence of distinguishable aggregateassociated microbial communities throughout the study area and hints of changes with depth, despite seasonally diminished inputs from the Lena River and marine primary production, suggest their importance in the attenuation of vertical and off-shelf fluxes of POM. (Fig. A1) . The first and second principal axes of this PCA explained 37 and 23%, respectively, of the variance between samples. Visual inspection of the PCA biplot revealed that all surface water samples group separately from all deeper samples. A follow-up ANOVA confirmed that the first principal axis varies highly significantly with depth (p << 0.001).
Further separation in the data was observed along the first principal axis, where eigenvectors for the physical-chemical factors of temperature, salinity, and inorganic nutrients point to the right of the origin (where all but one deeper sample locate) and those for the particulate variables of pigment, bacterial, and particulate organic matter (POM) concentrations point left (where all but one surface sample locate). The second axis had significant positive eigenvector loadings for the pigment concentrations and a negative loading for silicate concentration, suggesting a gradient between primary production and silicate input. All of the surface samples from stations characterized as river-impacted by their relatively fresh salinities (Stns 16, 19, 23, 26, and 30) grouped below the origin of the biplot, where the eigenvector for silicate also plotted. In contrast, all of the surface samples with more marine salinities (from Stns 1, 5, 8, 11, 37, and 40) grouped in the first quadrant of the biplot (upper left), along with the eigenvectors for particulate parameters. Overall, this PCA yielded a geographic pattern consistent with more recent primary production in (marine) western and alongshore stations than at (river-influenced) eastern and offshore locations
